Abstract-In this paper, the electrostatic sheath of a simplified spacecraft is investigated for heliocentric distances varying from 0.044 to 1 AU, using the 3-D Particle in Cell software SatellitePlasma Interaction System. The baseline context is the prediction of sheath effects on solar wind measurements for various missions, including the Solar Probe Plus mission (perihelion at 0.044 AU from the sun) and Solar Orbiter (SO) (perihelion at 0.28 AU). The electrostatic sheath and the spacecraft potential could interfere with the low-energy (a few tens of eV) plasma measurements, by biasing the particle distribution functions measured by the detectors. If the spacecraft charges to large negative potentials, the problem will be more severe as low-energy electrons will not be seen at all. The Solar Probe Plus and SO cases will be presented in details and extended to other distances through a parametric study, to investigate the influence of the heliocentric distance to spacecraft. Our main result is that, for our spacecraft model, the floating potential is a few volts positive from 1 AU to about 0.3 AU, while below 0.3 AU, the space charge of the photoelectrons and secondary electrons create a potential barrier that drives the spacecraft potential negative.
I. INTRODUCTION

S
EVERAL upcoming scientific space missions consist of probes immersed in the solar wind, at relatively close distances to the sun. One example is the Solar Probe Plus (SP+) NASA mission that aims to study the close environment of the sun (approaching as close as 9.5 solar radii above the sun's surface). The launch is planned for 2018 and the first perihelion for 2021. At such distances, the expected environment of the probe should be quite hot and dense, leading the spacecraft and its onboard instruments to be affected by surface S. Guillemant, V. Génot, and P. Louarn are with IRAP, Toulouse 31028, France (e-mail: stanislas.guillemant@irap.omp.eu; vincent.genot@ irap.omp.eu; philippe.louarn@irap.omp.eu).
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charging. In particular, estimations of the satellite potential behavior in such plasmas are important to predict the possible biases on plasma and electric measurements. Furthermore, two phenomena will increase the disturbances on the near probe environment: behind the probe, the satellite velocity combined with the speed of the solar wind will create an ion wake, and high densities of photoelectrons and secondary electrons will generate a potential barrier for those particles and force their recollection by the front surfaces. Another mission is the European Space Agency (ESA) spacecraft: Solar Orbiter (SO). Less extreme conditions are expected in this case since the spacecraft will remain farther from the sun, with a closest perihelion at 0.28 astronomical unit (AU). However the impact of such conditions also need to be studied to avoid biases on plasma measurements as the SO mission at perihelion will be immersed in a region where the average solar photon flux is 13-16 times more intense than at 1 AU. The Bepi-Colombo mission will also cruise in this region. Potential barriers in electrostatic sheath have already been discussed in many analytical or numerical studies in the past 40 years, in particular to explain observations on different satellites. One of the first is Guernsey and Fu (1970) [1] , which introduces a calculation of the potential distribution in the neighborhood of a photo-emitting plate immersed in a plasma. Considering thermal electrons, photoelectrons, and flowing ions, it is shown that two steady state potential distributions can exist: the first with a monotonically decreasing potential from its plate value to zero, and the second with a decreasing potential from its plate value until a (negative) minimum and then an increase to zero. This minimum negative potential, due to a high local density of photoelectrons, can prevent those particles from escaping the surrounding region of the emitting plate and force their recollection.
Potential barriers were primarily inferred around earthorbiting satellites (they were not directly measured). Following observations of recollected photoelectrons and secondary electrons on the Applications Technology Satellite (ATS)-6 spacecraft, Whipple (1976) [2] developed a theory for a spherically symmetric photoelectron sheath, including effects of ions, thermal electrons and secondaries. The aim was to determine whether the potential barrier responsible for the secondaries reflection was originating from those same particles or not. A comparison with the spacecraft data showed that the observed barrier of potentials was too large to be explained by the model 0093-3813 © 2013 IEEE (i.e., a spherically symmetric photoelectron or secondary electron sheath surrounding a uniformly charged spacecraft), and the authors concluded that the most probable explanation was that some portions of the ATS-6 surfaces were charged to different potentials.
In the context of instruments for active control of spacecraft potential, Zhao et al. (1996) [3] proposed an analytical approach to compute the electrostatic barrier and compared to Geotail measurements. However this analysis is only relevant in the thick sheath approximation and does not consider the secondary electronic emission. Thiébault et al. (2004) [4] studied the potential barrier in the electrostatic sheath around a conductive magnetospheric spacecraft, for cases of conductive spacecraft such as Geotail and Cluster. A fully self-consistent analytical model of the plasma around an electron-emitting central body was used to analyze the electrostatic sheath around an idealized spacecraft. It was shown by comparison with 3-D Particle in Cell (PIC) simulations that nonmonotonic potential with negative potential barrier can exist all around a positively charged spacecraft (with Debye length of the order of the central body radius or more). This barrier may still surround the entire spacecraft even in the case of asymmetric illumination pattern with induced photoemission on only one side of the central body.
Referring to a near sun environment mission-the Helios spacecraft -Isensee (1977) [5] presented 2-D simulations of the plasma environment of the probe in the solar wind, at 0.2 AU from the sun. With a simplified conducting spacecraft, the consideration of 1 eV mean energy photoelectrons and the expected solar wind conditions, the author obtained a slightly positively charged satellite (+2.9 V), surrounded by negative plasma potentials in the wake and in the ram. In front of the sunlit face, due to high densities of photoelectrons, the local potential reached −1.4 V, and in the ion wake behind the probe, it reached −4.5 V. The 1eV emitted photoelectrons are thus recollected by the surfaces of the probe. Ergun et al. (2010) [6] , through a 3-D self-consistent code, solved the static potential structure surrounding a spacecraft in a high-photoelectron environment (the SP+ context at 0.044 AU to the sun), and showed that a negatively charged satellite is obtained through high densities of secondary electron and photoelectron both emitted as Maxwellian functions with low temperatures (2 and 3 eV, respectively). The photoelectron densities in that study reached 10 6 cm −3 (compared to ambient ions and electrons densities of about 7×10 3 cm −3 ) and decreased the potential surrounding the spacecraft enough to create a barrier for low-energy electrons. Once this barrier is set up, it will bring the next emitted secondary and photoelectrons back to the spacecraft materials, leading them to decrease the spacecraft potential ( SC ), even after the structure is charged negatively. The secondary particles recollection is problematic for the plasma instruments, especially the secondary electron recollection that can occur all around the spacecraft.
Those phenomena have been studied in detail in [7] using the Spacecraft-Plasma Interaction System (SPIS) software, through simulations with more realistic physical and numerical processing, in particular using full PIC instead of hybrid populations modeling. To widen the perspectives, a parametric study considered more realistic parameters for this near sun environment. The potential barriers were always present, with an intensity depending on the varying input conditions.
Those publications encourage advanced studies on the formation and profile of the potential barriers depending on the heliocentric distance, and the effects on the satellite floating potential. In this paper, the limits of this so-called "near sun environment" will be studied: the evolution of the potential barriers farther from the sun, the critical distance for their existence, and the situation at the orbit of SO (at 0.25 AU). This is achieved through a parametric study where only the distance to the sun varies (and consequently the local plasma parameters and sun flux for ten distances between 0.044 AU to 1 AU), but keeping the same geometry model. Section II presents the physics involved in the simulated environments, the SPIS tool for the parametric study and the simulations set up. Section III presents the simulation results for: 1) the SP+ case at 0.044 AU (closest approach distance), 2) the SO case at 0.25 AU (closest approach distance), and 3) an overview of all the results for the ten different positions.
II. MODELING
A. Environments, Spacecraft Dimensions, and Covering Material
The heliocentric distances selected for this parametric study are presented in Table I . It gathers the essential physical environment parameters that have to be considered for such simulations. Plasma characteristics are derived from Helios data (V. Krasnoselskikh and M. Maksimovic, private communications). The solar wind velocity is discretized for the different positions between earth and 0.044 AU from the model of Parker (1958) [8] . The spacecraft geometry used for all simulations is a cylinder (1-m radius and 2-m length), covered with indium tin oxide (ITO) conducting material.
In this paper, below 1 AU, the emitted photoelectron current is always the largest compared with others (see the estimated photo-emitted current density J ph given on Table I ). At first order, neglecting the ions and secondary electrons, the currents on spacecraft will be balanced when the net photoelectron current I ph equalizes the collected thermal electron current I the . Consequently, at the equilibrium state, a large proportion of photoelectrons is recollected. Assuming a MaxwellBoltzmann regime
with k B the Boltzmann constant, T ph the photoelectron temperature and e the photoelectron charge, therefore the spacecraft potential is a priori expected to be of a few times (k B T ph /e) in order to recollect the fraction of photoelectrons necessary to equalize the other current. However, Ergun et al. (2010) [6] and [7] showed in a similar geometry (a cylinder) that negative charging is possible at 0.044 AU from the sun due to potential barriers induced by large densities of photoelectrons (see Section I). Indeed in the ram region, below 1 AU, the UV flux generates densities of photoelectrons that locally surpass thermal electrons. The plasma potential in the region close to the sunlit surface is ruled by photoelectrons and their Debye length λ ph (smaller than that of thermal electrons λ the ). Different possibilities arise, depending on the distance between the satellite and the sun. First, in a very close case like 0.044 AU, λ ph is much smaller than the spacecraft size which makes the local potential barrier very close to the surface and the space charge may be considered as 1-D. In this case the "thin sheath" approximation is valid, and the Child-Langmuir's law for space-charge limited flow is applicable. The photoelectron recollection is in this case very efficient through the space charge and the spacecraft is not necessarily positively charged. Second, in a farther case, when λ ph is comparable to the size of the spacecraft: the sheath becomes 3-D, the barrier is farther from the emitting surface, decreasing the recollection rate of photoelectrons. This is the "thick sheath" approximation for which the spacecraft floating potential increases consequently. There is no significant effect of the space-charge and it is the positive spacecraft floating potential that makes the photoelectrons to be recollected. In this paper, we examine where the transition between these two regimes occurs for the given spacecraft geometry and material.
The ion wake geometry is also important for the overall potential distribution. Depending on the Mach number, the ion temperature, and the spacecraft geometry and potential, the ion wake will follow different morphologies. Typical wake geometries are sketched in Engwall et al. (2006) [18] , concerning a spherically shaped and positively charged spacecraft. If the ion flow energy is much higher than the probe potential, the wake will be cylindrically shaped (narrow wake case); if it is not, ions will scatter off the positive electrostatic potential from the spacecraft (creating an enhanced wake). In the simulations presented hereafter, we extend Engwall et al. (2006) [18] with a negatively charged satellite regime. The environment closest to the sun will generate another ion wake morphology: a "bubble wake" (in hot and dense plasma regions, when the ion depletion is quite efficiently repopulated by ions). The "cylinder wake" will be encountered farther from the sun (in colder plasmas, with an enhanced or narrowed extremity depending on the sign of SC ). The wake geometry will constrain the minimum potential at its center, leading to different depths of potential barriers and recollection rates for secondary electrons. This wake represents a potential barrier for secondary electrons that are emitted from all exposed faces of the satellite even from the rear side, different from photoelectrons.
B. SPIS Tool for Simulations
The simulation tool used in this paper is SPIS, a software development project of the ESA. It is developed as an opensource and versatile code with the support of the SpacecraftPlasma Interaction Network in Europe (SPINE) community. The first development phase of the project was performed by ONERA/DESP, Artenum, and University Paris VII (through the ESA Contract Nbr: 16806/02/NL/JA). Some developments were funded by the French space agency (CNES). It is a simulation software based on an electrostatic 3-D unstructured PIC plasma model and consisting of a JAVA-based highly modular objectoriented library, called SPIS/NUM. More accurate, adaptable, and extensible than the existing simulation codes, SPIS is designed to be used for a broad range of industrial and scientific applications. The simulation kernel is integrated into a complete modular preprocessing/computation/postprocessing framework, called SPIS/UI, allowing a high degree of integration of external tools, such as CAD, meshers and visualization libraries (VTK), and a very easy and flexible access to each level of the numerical modules via the Jython script language. Developed using an open-source approach and oriented toward community-based development, SPIS is available for the whole community and is used by members of the European SPINE network. SPIS should address a large majority of the new challenges in spacecraft-plasma interactions, including the environment of electric thruster systems, solar arrayplasma interactions, and modeling of scientific plasma instruments.
The numerical core and the user interface have been developed by ONERA and the Artenum company, respectively [9] . Various applications to spacecraft and ground experiments were performed by them and the ESA (Roussel et [16] ).
The SPIS-Science extension, performed under ESA Contract (N# 4000102091/10/NL/AF) by ONERA and Artenum, aims at extending the capabilities of SPIS modeling framework for accurate evaluation of low-level surface electrostatic charging of science missions with low-energy plasma instruments. It also improves the code efficiency through multithreading of PIC particle pusher (Matéo-Vélez et al., 2012) [17] . This evolution has been used in this paper.
C. Simulations Set Up
The spacecraft geometry model used for all simulations is a cylinder (1-m radius and 2-m length) in a cylindrical simulation box. The whole system thus presents a symmetry of revolution around the Z axis. SPIS handles the symmetries of fluxes and electric field. For a gain of CPU time, a cut geometry model is used with a 30°angle around the Z axis. The domain is a 5 m (in X) x 10 m (in Z ) box, containing the satellite portion, with an unstructured meshing refined at 2 cm on the sunlit face of the satellite (4 cm on the rear side) and 50 cm on the edges of the simulation box (Fig. 1) . The external boundary conditions are set to a "Fourier" type (a 1/r 2 decrease of potential, r being the distance to the spacecraft surface) where particles are injected and to a "mirror" type for the two symmetric faces (see Fig. 1 ) which means that particles cannot cross those faces and are reflected into the simulation box.
The varying parameters between the simulations are: plasma properties (densities, temperatures, and solar wind velocity), the sun flux (that varies as 1/R 2 , R being the distance to the sun) and the time steps used in SPIS to compute every plasma population transport. To solve the equivalent electrical circuit representing the satellite the spacecraft capacitance is estimated at C = 1.9 10 −10 Farad for a surface entirely covered with the conducting ITO material. The value of this parameter is however not important in this paper since we are interested here in the steady state, rather than the transient phase.
All species (protons, thermal electrons, secondary electrons and photoelectrons) are computed using a PIC model. In Table I , the values in gray are directly entered in SPIS as input parameters. The secondary electron emission (SEE) is set with a characteristic energy of 2 eV (Maxwellian velocity distribution function). The secondary emission yield (SEEY) curves (for true and backscattered electrons) are presented on Fig. 2 . The backscattered electrons are emitted with 2/3 of their initial energy, however at those incoming energies the rates of backscattering are quite low (0 for T the < 50 eV and 20% for T the = 80 eV). Photoelectrons are emitted with a Maxwellian energy profile with temperature of 3 eV. Actually, measured interplanetary photoelectron spectra have sometimes higher energy components. A comparison test was provided by [7] and showed that photoelectrons with a Maxwellian energy profile with temperature of 10 eV (instead of 3 eV) lead (in a near sun environment) to a more positive spacecraft potential (+6 V of difference) as photoelectrons have more energy to spread further and escape the ram potential barrier. That is why in further work some more realistic distribution functions of photoelectrons should be considered. The satellite is considered static with respect to the solar wind so only the proton population speed (that depends on the distance to the sun) is simulated. This velocity is considered to be only along the -Z axis as we neglect the spacecraft orbital motion. This approximation has only a minor impact on the results as the ion Mach number would be of ∼4 instead of ∼ 3.3 and I i would slightly increase but stay the lowest current. The magnetic field is not taken into account, as proton and electron gyroradii are much greater than the simulation box, even at 0.044 AU (see Table I ). 
III. SIMULATION RESULTS
A. SP+ at 0.044 AU
In this section are presented and discussed the results of the 0.044 AU case. All population and potential maps are presented in a X − Z plane. The solar wind direction is toward the bottom of each map (in the -Z direction).
This simulation is very similar to the case called "S3" in [7] , studying the spacecraftplasma interactions for a cylindrical conducting satellite at the perihelion of SP+ (the other "S1,2,4,5" cases use a higher photoelectron emission yield). Both cases have been run using the SPIS software, with practically the same input parameters and identical covering material on the spacecraft (see Table  II ). The main difference is the geometry model: in S3 it is an entire cylindrical satellite placed in a cylindrical simulation box, while in this paper the whole geometry model has been cut with a 30°angle around the Z axis (see Section II.C). This cut allowed a considerable meshing refinement for the latest simulation of about a factor 4 on all the grids compared to S3 and the value of 30°was in this case a good compromise to keep enough meshing elements in the corners of the simulation box (avoiding risks of statistical issues in PIC modeling in those regions). Table II presents the inputs/outputs for the two simulations. Minor differences (particle temperatures, sun flux) reflect that the parametric study requires more precision on input data interpolation at several distances from the sun. Results are however very much comparable. However the meshing refinement plays an essential role for the numerical precision in the areas where the space charge is large (the ram and the wake).
For this latter case, the satellite potential converges to −16.2 V. Fig. 3 is a plot of the plasma potential map and the population densities (thermal electrons, ions, photoelectrons and secondary electrons) around the spacecraft. Looking at the potentials, the lowest in the ram is at −25.4 V. With respect to the satellite, it corresponds to a potential barrier for photoelectrons and secondary electrons of −9.2 V. In the ion wake a minimum of −31 V is reached, which corresponds to a potential barrier for all secondaries of about −15 V. On the side of the cylinder a −3 V barrier also forces the recollection of a fraction of secondaries. Those barriers are generated through the high densities of photoelectrons and secondary electrons in the front, and the high densities of secondary electrons added to the lack of ions at the rear. Looking at the positions of those plasma potential minimum values, in the ram it is located at 0.23 m from the sunlit face, which corresponds to five times the Debye length of photoelectrons (λ ph = 0.04 m). In the wake the minimum is at 0.84 m which corresponds to the thermal electron and secondary electrons Debye length (0.8 m), which are predominant at this location. The level of the potential barrier in the ram is consistent with the photoelectron temperature.
An important parameter is the ratio between the dimension Lof the wake and λ D,the : if L ∼ λ D,the the potential may be scaled at a fraction of ∼ k B T e /e in the wake. Indeed in the wake the minimum potential which can be obtained (using both Poisson's equation and Gauss's flux theorem), depending on the wake geometry (perfectly spherical or perfectly cylindrical), is, respectively, = (0.5 we have in this case between ∼−40 V and −20 V. This simulation gives a wake minimum at −31 V, which seems like an intermediate case between the "bubble wake" and the "cylinder wake".
The potential surrounding the satellite is between −25 and −31 V. Those barriers represent about 1/3 of the thermal electron temperature of ∼ 85 eV so it affects their densities close to the spacecraft structure, as only 30% of the initial thermal electron density (n = 7.×10 9 m −3 ) populates the region close to SP+ (see the thermal electron map). The ion wake is clearly visible and varies between no particles near the rear face of the cylinder (in the wake) to n around. The ion vacuum is reduced by the thermal diffusion of these particles and by ion focusing through the negative SC . Local disturbances of the ion density at the front are due to statistic noise in the full PIC approach (the figure is not averaged enough such as to reduce noise). However, that does not impact the results since the problem is ruled by photoelectron density in the sheath. The denser plasma populations are still photoelectrons, emitted from the sunlit face at densities of about 10 11 m −3 , and they are spreading around until the wake region. The photoelectron reduction is also visible on the rear side of the cylinder, highly negative potential present there prevents photoelectrons from penetrating this area. Secondary electrons are dense over all surfaces of the spacecraft. The potential barriers have a great influence by preventing secondary electrons from escaping the front and the back faces of the spacecraft. Table III shows all net currents on SP+ for all simulations. Concerning this first case, the total thermal electron current arriving on the spacecraft I the reaches 24.6 mA and for ions 1. Table I and the spacecraft total surface of S SC ∼ 18.9 m 2 ). Of the 51.9 mA of photoelectron current emitted, −45.2 mA is collected, for a net current of 6.7 mA (87% of recollection). For secondary electrons, 61.4 mA are emitted and −46.2 mA collected, leading to a net current of secondaries of 15.2 mA (75% of recollection, all over the spacecraft surfaces). Plots of all currents are presented in Fig. 7 .
Those high rates of secondary and photoelectron recollection will definitely affect the low-energy plasma measurements, especially the secondary particles whose recollection can occur all around the spacecraft. Those potential barriers also disturb the near environment of the spacecraft by filtering the thermal electrons and biasing the measurements. In this case, incoming thermal electrons with energies lower than ∼ 31 eV will barely reach the satellite (for example those coming in the wake direction). Between the minimum potential position in the surrounding plasma and the spacecraft itself, electrons will be accelerated by an amount that depends on the height of the barrier (until 9 eV in the ram and 15 eV in the wake).
B. Solar Orbiter at 0.25 UA
We consider now a case in the region of SO closest perihelion at 0.25 UA to the sun. Results for plasma potential and population densities are presented in Fig. 4 . The final SC is now set at +6.30 V. This is due to the larger Debye length of photoelectrons: the barrier has changed from a 1-D geometry at 0.044 AU to a 3-D geometry here. The recollection is thus less important and mainly due to the positive satellite potential. However, negative potential values are still present around the spacecraft: −1.1 V at 1.6 m in front of the sunlit face in the ram (at ∼ 6 times the photoelectron Debye length of 0.25 m), and −1 V at 2.9 m of the rear face in the wake (close to λ the which equals 3.27 m for ambient electrons). For secondary and photoelectrons, it represents respectively −7.4 and −7.3 V barriers, added to the positively charged satellite which will thus attract them more efficiently. Incoming thermal electrons from environment encounter a −1 V barrier (∼ 4% of their mean kinetic energy of 23 eV) so they are not as much repelled as previously. However the distribution at the spacecraft surface is truncated at SC = +6.30 V: electrons have at least a 6.30eV energy on spacecraft.
Concerning the cylindrical ion wake obtained here, the minimum potential expected at its center (using the numerical application in Section III.A with L ∼ 1 m and λ D,the ∼ 3.27 m) should be between −1.2 V and −0.6 V. We effectively obtain −1 V.
Looking at plasma population densities, the major difference with the former simulation is the plasma potential structure around the cylinder. In the 0.25 AU case it is more symmetric around the satellite body, less disturbed by the ion wake. This wake is more elongated along the Z axis than before, as the ion speed is increased of ∼ 100 km/s, T i is divided by 4, and there is no focusing of those particles as SC is now positive. As λ the = 3.27 m (larger than the spacecraft dimension) the space charge in the wake only slightly modifies the potential (of about 1/10). The global behavior of photoelectrons and secondaries is identical to the first case, except that they are less dense than previously and they can spread farther from the cylinder because of the reduced potential barriers.
The recollection of secondary electrons reaches 80.8% and practically the same (78%) for photoelectrons (Table III) . Here the recollection of secondaries, which is the condition for equilibrium, is achieved by a positive SC , and a small barrier of potential due to space charge.
At 0.044 AU collected photoelectrons represented ∼40% of all collected currents on spacecraft, and the same proportion was reached for secondaries. At 0.25 AU the collected photoelectron current is now 60% of all collected currents while secondaries represent ∼ 20%. This is due to the lower SEY at 23 eV with respect to the SEY at 85 eV: a lower emission leads to a lower recollection.
C. Results Between 1 AU and 0.044 AU
The same simulation was performed for several additional distances from the sun, using the input parameters in Table I . All the corresponding results (currents and potentials values) are displayed in Table III . Plasma potential profiles along Z and X axis are displayed in Figs. 5 and 6. Values of satellite potentials are plotted in Fig. 7 , and location of minimum potentials is plotted in Fig. 8 Looking at the plasma potential profiles along the Z axis, Fig. 5 shows that for this type of model, below ∼ 0.3 AU from the sun, a nonmonotonic evolution of potential is obtained, due to secondary electron and photoelectron space charge. Further, the space charge becomes less important. The transition between negative and positive satellite equilibrium potential is reached between 0.093 and 0.11 AU, but it has to be emphasized that this situation depends on the total spacecraft surfaces exposed to the environment and the type of covering materials.
The farther from the sun, the farther the ram and wake minimum potential positions are located from the spacecraft surfaces. After 0.3 AU, the plasma potential profile is decreas- ing monotonically while looking farther from the cylinder. It is here visible for the cases at 0.46, 0.72 and 1 AU to the sun. Thus recollection of secondary particles in these regions is simply due to spacecraft positive potential. It can be noticed in Fig. 7 that the simulation box almost reaches the limit of the sheath in each case. The plots of ram and wake minimum potentials should reach 0 V far enough from the body after 0.3 AU, but are slightly larger due to the simulation box boundaries that are still in the sheath. This restriction was necessary for reasons of CPU time consumption, and slightly affects the potential profiles in the surrounding plasma.
The transition between positively and negatively charged spacecraft is linked to the geometry of the sheath. It changes from a 3-D sheath far from the sun (farther than 0.11-0.093 AU, where thermal and photoelectrons Debye lengths are long) to a thin 1-D sheath closer (with short Debye length of photoelectrons). In all cases the emittedcollected current equilibrium is reached once a significant part of photoelectrons is recollected, as it is the most important current. Far from the sun, with no blocking from a potential barrier, the current balance is reached for a positive spacecraft potential (it is easier for photoelectrons to escape a 3-D sheath). In the second case, the limitation from charge space is a 1-D phenomena: the photoelectron recollection is extremely efficient (the net current being approximately given by the Child-Langmuir's law), and we can obtain the current balance with a negative spacecraft potential.
In Fig. 8 , we notice a difference in positioning of the minimum plasma potentials: below ∼ 0.3 AU the wake potential barrier is farther from the spacecraft than the ram barrier. After 0.3 AU, the positions of the barriers regarding the facing surfaces are similar in the ram and in the wake. This also corresponds to regions where the potential along Z axis evolves nonmonotonically. More precisely, Fig. 8 suggests that below 0.093 AU the ram barrier position regarding the sunlit face follows the photoelectron Debye length (which is much smaller than λ the ). Indeed when closer than 0.093 AU the extreme near sun UV flux generates high densities of photoelectrons that seem to influence most the plasma behavior in the ram. Until 0.25 AU the ram barrier position is at about 5-6 times λ ph to the sunlit face. After that, as it appears in Fig. 8 , the ram barrier distance to spacecraft is similar to the wake barrier distance and is comparable to the thermal Debye length. Within 0.25-0.3 AU the emitted secondary electron current becomes lower than the collected thermal current. In Fig. 8 photoelectron and thermal electron Debye lengths as a function of heliocentric distance appear to be the two asymptotes between which are contained the ram and wake barriers position curves. As in the wake the plasma seems to be more influenced by thermal and secondary electrons (which are there present in quite similar densities), the potential barrier is controlled by the thermal electron Debye length and temperature, the spacecraft size and the ion Mach number. Fig. 9 makes explicit the part of secondary particles (both photoelectrons and SEE) among collected electrons on the spacecraft. In each case, between 0.044 and 1 AU, those nonenvironmental particles represent ∼ 80 % of the collection. Photoelectrons are more and more important in the recollection while looking farther from the sun. This seems paradoxical but can be understood as the SEE is highly reduced with increasing distance to sun (because of the decreasing mean energy of the thermal electrons reducing consequently the secondary emission rate, see Fig. 2 ). Fortunately, photoelectron recollection occurs essentially on the sunlit face and they will affect the detector entrance areas less than secondary electrons will.
IV. CONCLUSION
The simulations performed in this paper showed the variation of space charge potential barriers around a spacecraft depending on its distance to the sun. At less than 0.3 AU for this geometry model, the plasma potential around the spacecraft decreases nonmonotonically. Potential barriers for secondary and photoelectrons thus appear and force their recollection to lower SC (even at negative values below 0.11 AU to the sun). The barriers were created by high densities of secondary particles that control the surrounding plasma and are dominant in the collected particles.
The specific case studied at 0.25 AU showed that SO near its perihelion may be affected by those phenomena, even if they are less pronounced than at 0.044 AU as the SP+ perihelion. The measurement errors on low-energy plasma measurements are possible but depend on the size of the spacecraft and its covering materials which will control secondary particles emission. At SO perihelion the low-energy plasma measurements will be disturbed: high rates of secondary particles recollection can still occur and potential barriers still affect the surrounding plasma. A small fraction of incoming thermal electrons (with energies ≤ 1 eV) will be filtered and particles emitted from the satellite surfaces might be measured as noise by the onboard detectors, and thermal electrons arriving on the detectors will be accelerated (as SC > 0) at 6.3 eV.
Generally, the SO case requires further simulations, with a more precise geometry and physical model to anticipate the disturbances: more detailed geometry, exact material properties (solar panels materials, heat shield properties, taking into account thin wires and locations of plasma instruments...) and possibly electrical properties (equivalent resistors and capacitors inside the spacecraft and between the electrical nodes). The magnetic field was not considered in this paper but might play a role in the plasma behavior (especially on the secondary particles trajectories) and the final SC . This will be investigated in a forthcoming paper. We emphasized that the model used here has no link with the real SO geometry, but this simulation gives a first hint of the global plasma behavior in this region that SO will travel through. Actually, given the size of the real SO probe, sunshield and solar arrays, the created ion wake should be bigger and the corresponding potentials more negative, increasing the potential barriers and the biasing phenomena. However the electron instrument (SWA/EAS) was located at the end of a 4-5 m boom, behind the spacecraft, which might limit the influence of SC Moreover, the exposed covering materials (conductors and dielectrics) will generate different level of secondary particles. This subject will be studied in a forthcoming paper.
Concerning further developments, more relevant electron distribution functions of the solar wind need to be considered and their effects on spacecraft charging assessed. They might lead to much different results than obtained with Maxwellian distribution functions, and increase the disturbances of lowenergy particles measurements, as more high-energy particles may generate higher SEY. This could be achieved by modeling the hot electron populations of the ambient plasma environment (the socalled solar wind "Core, Halo and Strahl").
Indeed extrapolating data from Helios to SO (M. Maksimovic, private communication) and using associated modeling (Stverak et al., 2009) [19] it is possible to obtain the different electron population contributions. We will use this approach to set up SPIS with more detailed distribution functions for the ambient plasma. Concerning photoelectrons the use of a 3 eV spectrum limits the positive charging and more realistic energy distribution functions should be investigated. Finally the implementation of virtual particle detectors within the simulations will give direct access to the plasma flux measured by instruments and enable a better assessment of biasing effects.
